Abstract: Detailed oscillation spectra and polarization properties of laser-diode-pumped ceramic Nd:YAG lasers were examined. Inherent segregation of lasing patterns into local modes possessing different polarization states and oscillation frequencies was observed. Single-frequency, linearly polarized stable oscillations were achieved by forcing the laser into Ince-Gaussian mode operation by adjusting azimuthal cavity symmetry.
Introduction
Various polycrystalline lasers have been sintered in recent years with the aim of developing laser-diode-pumped (LD-pumped) high-power solid-state lasers utilizing the advantages of ceramics over single-crystalline lasers, e.g., larger volume with arbitrary shapes and higher doping of active ions. Improvements in sintering methods have enabled high-power operation to be successfully demonstrated in ceramic lasers, including Nd:YAG [1] and Yb:YAG [2] , with LD pumping. On the other hand, inevitable problems exist in ceramic lasers operating at high power: these include the split into local transverse modes and the associated dynamical instabilities inherent in polycrystalline lasers with random grain boundaries [3] . We studied polarization-dependent transverse lasing patterns and detailed optical spectra in LD-pumped microchip Nd:YAG ceramic lasers to clarify the problems in making high-power ceramic lasers. Forced Ince-Gaussian mode operations [4] were demonstrated for linearly polarized single-frequency oscillations.
Segregation into local modes and polarization properties
The experimental setup is illustrated in Fig. 1(a) . The experiment was carried out using a 1-mm-thick Nd:YAG ceramic sample with Nd concentration of 1 at.%. A collimated elliptical LD beam with a wavelength of 808 nm was transformed into a circular one and focused onto the ceramic samples by using a microscope objective lens with a numerical aperture of 0.25. The pump-beam spot size averaged over the 1-mm-thick sample length was measured to be 80 µm, where the absorption coefficient for the LD light was 3.55 cm -1 . The sample was placed within a semi-confocal external cavity, in which the sample was attached to a plane mirror M 1 (99.8% reflective at 1064 nm and >95% transmissive at 808 nm), and a concave mirror M 2 (99% reflective at 1064 nm, radius of curvature: 10 mm) was placed 5 mm away from the plane mirror. The two mirrors and the ceramic sample were assembled into one body. An input-output characteristic of the laser is shown in Fig. 1(b) . Single-transition oscillations on the 1064-nm transition line were confirmed for the entire pump-power region by measurements using a multi-wavelength meter, as depicted in Fig. 1 .
Far-field patterns and the corresponding detailed oscillation spectra were measured with a PbS infrared viewer and a scanning Fabry-Perot interferometer, after the output beam had passed through a polarizer. Examples of the results for different rotation angles of the polarizer obtained in the low-pump-power region are shown in Fig. 2(a) . It is obvious that a transverse mode belonging to the particular longitudinal mode was segregated into three local modes, a, b, and c, possessing slightly different frequencies and polarization states.
As the pump power was increased, the number of local modes tended to increase due to the increase in active area in the transverse direction. The total and polarization-dependent far-field patterns are shown in Fig. 2(b) , where the polarization directions of individual local modes are indicated by arrows. Note that the lasing beam consists of linearly polarized separated local modes with different polarization directions in this case. However, this is not always the case, and local modes sometimes emit unpolarized or elliptically polarized light in the case of highly doped samples. Nd:YAG ceramic lasers consist of small single-crystal grains on the order of several tens of micrometers in size whose crystal axes are randomly distributed. Therefore, the oscillation frequency and eigenpolarization state of the lasing beam cannot be uniquely determined because of position-dependent thermal birefringence across the beam. Consequently, the lasing transverse mode should be split into local modes having different frequencies and polarization states, which depend on the grain structures. Beating-type self-modulations including chaos due to local-mode coupling associated with segregations were observed [3] . 
Linearly polarized single-frequency oscillations by selective excitations of Ince-Gaussian modes
The inherent segregation into local modes is an inevitable problem that must be solved in order to apply ceramic lasers to applications involving high-power operation. Here, we describe a method of preventing local-mode oscillations to achieve stable operation without dynamic instabilities. This was achieved by adjusting the azimuthal cavity symmetry.
When the central (laser) axis of the cavity was slightly tilted against the pump-beam axis, as depicted in Fig. 3 , various linearly polarized higher-order Ince-Gaussian lasing modes [4] , possessing elliptical symmetry, appeared depending on the astigmatism. Example patterns for different tilts at a constant pump power P = 292 mW are shown in Fig. 3 , together with the corresponding oscillation spectrum. Each IG mode was maintained as the pump power was increased for the constant tilt, although the threshold pump power was increased as the astigmatism increased. Linearly polarized single-frequency oscillations were achieved in association with the forced IG pm operations, and the split into local modes by mode-matched pumping (θ = 0) was prevented. 
